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Abstract
This study provides new evidence of deficient auditory cortical processing of speech in noise in
autism spectrum disorders (ASD). Speech-evoked responses (~100–300 ms) in quiet and background
noise were evaluated in typically-developing (TD) children and children with ASD. ASD responses
showed delayed timing (both conditions) and reduced amplitudes (quiet) compared to TD responses.
As expected, TD responses in noise were delayed and reduced compared to quiet responses. However,
minimal quiet-to-noise response differences were found in children with ASD, presumably because
quiet responses were already severely degraded. Moreover, ASD quiet responses resembled TD noise
responses, implying that children with ASD process speech in quiet only as well as TD children do
in background noise.
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Introduction
Autism spectrum disorders (ASD) are developmental disorders that include autism, Asperger’s
disorder, and pervasive developmental disorder—not otherwise specified (PDD–NOS). ASD
are defined by a triad of deficits: (1) language impairment in social communication, (2)
repetitive or stereotyped behaviors or interests, and (3) impaired social interactions (Rapin and
Dunn 2003; Siegal and Blades 2003; Tager-Flusberg and Caronna 2007). The language
impairment spans perceptual, productive, and physiological domains (Boucher 2003; Herbert
and Kenet 2007; Kuhl et al. 2005; Saalasti et al. 2008; Shriberg et al. 2001; Siegal and Blades
2003). One of the leading contributors to this language impairment is abnormal auditory
processing (Rapin and Dunn 2003; Siegal and Blades 2003), similar to that shown in children
with other language-based learning problems (Banai et al. 2009, 2005; Cunningham et al.
2001; King et al. 2002; Kraus et al. 1996; Warrier et al. 2004; Wible et al. 2002, 2005). Russo
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and colleagues have also reported subcortical auditory processing deficits specifically in
children with ASD (Russo et al. 2008, 2009). Finally, recent findings by Salmond et al.
(2007) suggested that children with ASD demonstrate different cognitive correlations with
cortical processing.

In one of the only known studies of speech perception in noise in children with ASD, Alcantara
and colleagues (2004) demonstrated elevated speech perception thresholds, poor temporal
resolution and poor frequency selectivity. Alcantara and colleagues used five different noise
conditions (single talker, speech shaped noise, speech shaped noise with temporal dips, speech
shaped noise with spectral dips, and speech shaped noise with both temporal and spectral dips)
to show that individuals with ASD have difficulty with behavioral recognition of speech in
background noise compared to controls. Particularly difficult for these individuals were
conditions with a single talker or those involving temporal dips in the background noise.
Deficits were ascribed to poor temporal resolution or poor top-down processing (inability to
use contextual cues). However, this investigation did not measure neural processing in
background noise as an underlying explanation for the speech perception deficit.

Cortical Abnormalities in ASD
Many studies reported reversed or absent asymmetry in the inferior frontal (Broca’s area) and
posterior superior temporal regions (Boddaert et al. 2004; Bruneau et al. 2003, 1999; Herbert
et al. 2002; Jansson-Verkasalo et al. 2003), including the planum temporale (i.e., Wernicke’s
area) (Rojas et al. 2002, 2005) and higher-order association cortices (Herbert et al. 2005). Data
also suggested reduced inter- and excessive intra-connectivity of the frontal cortex (Courchesne
and Pierce 2005; Just et al. 2004; Minshew and Williams 2007; Wickelgren 2005) and increased
thickness in the temporal and parietal lobes (Hardan et al. 2004).

Aside from characterization of structural abnormalities, evaluation of cortical response timing
and magnitude can provide valuable insight into the auditory processing deficits in ASD. Long
latency auditory evoked potentials (P1, N1, P2, and N2), exogenous cortical responses
generated in primary or secondary auditory cortices (e.g., superior temporal cortex, planum
temporale), are elicited by the presence and physical features of sound (Ceponiene et al.
2001; Hall 1992; Naatanen and Picton 1987). Many early studies of cortical processing in ASD
focused on simple stimuli, such as tones (Bruneau et al. 2003, 1999; Ferri et al. 2003; Gage et
al. 2003a, b; Lincoln et al. 1995; Oades et al. 1988; Seri et al. 1999) and investigated
hemispheric differences or differential encoding stimulus features such as frequency, duration,
or intensity. Results are mixed, though there is some indication of reversed asymmetries and
immature response patterns. Further, much of the data on exogenous responses have been
extracted from studies focusing on endogenous responses involving oddball paradigms
(mismatch-negativity, P3) or semantic processing (N4).

Due to the extensive literature on relationships between neural processing and speech
perception in other populations (Cunningham et al. 2001, 2000; King et al. 2002; Kraus et al.
1996; Warrier et al. 2004; Wible et al. 2002, 2005), as well as the influence of disrupted cortical
organization and connectivity on the language impairment in ASD (Boddaert et al. 2004;
Bruneau et al. 2003, 1999; Hardan et al. 2006; Herbert et al. 2002, 2005; Jansson-Verkasalo
et al. 2003; Just et al. 2004; Muller et al. 1999; Rojas et al. 2002, 2005), considerable research
is now focused on the cortical processing of speech. There is some evidence for sensory
processing deficits from studies focusing on speech-evoked cortical potentials in children with
ASD. Ceponiene and colleagues (2003) found reduced P1 amplitude in response to vowels in
children with ASD compared to typical controls, whereas Jansson-Verkasalo and colleagues
(2003) identified reduced N2 amplitude in response to consonant-vowel (CV) syllables in
children with Asperger’s disorder. In 2005, Lepisto and colleagues only reported significant
reductions in the P1 amplitude in response to vowels in children with autism and, then in 2006,
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Lepisto and colleagues reported no differences in children with Asperger’s disorder. Recently,
Whitehouse and Bishop (2008) reported disparate cortical processing of speech (vowels) versus
nonspeech (tones) sounds. White-house and Bishop (2008) evaluated responses in both a
passive listening condition and in a selective attention condition. In the passive listening
condition, high-functioning children with ASD showed reduced amplitude of obligatory P1
and N2 responses in the vowel condition, but no differences in response to tones, suggesting
that faulty efferent pathways may be involved in the deficient sensory processing of speech.

Cortical Processing of Speech in Noise
Although as yet uninvestigated in ASD, analysis of cortical evoked responses to speech sounds
in background noise has proven useful for investigating language impairment in other
populations, such as children with language-based learning and reading problems (LP)
(Cunningham et al. 2001; King et al. 2002; Warrier et al. 2004; Wible et al. 2002, 2005). These
data stem from the literature indicating that background noise has a deleterious effect on both
audibility and cortical processing of speech (Martin et al. 1997; Whiting et al. 1998).
Cunningham and colleagues (2001) reported excessive peak-to-trough amplitude reduction in
children with LP than controls in cortical responses to the CV syllable “da” presented in a
background noise condition. In a study investigating effects of repetition and noise on cortical
encoding of speech, Wible and colleagues (2002) found that a subset of children with LP
exhibited impaired response timing in noise that affected the correlation of responses under
stresses of repetition. Using the same stimulus, several additional studies corroborated earlier
results, including quiet-to-noise response correlation differences and latency differences in
background noise in responses of children with LP compared to normal learning controls (King
et al. 2002; Warrier et al. 2004; Wible et al. 2005). Moreover, auditory training has been shown
to improve cortical responses to speech in background noise in children with LP (Hayes et al.
2003; Warrier et al. 2004).

Hypotheses
Given the known abnormalities in speech-evoked subcortical and cortical responses in quiet
in ASD and recent behavioral findings of impaired speech perception in noise in ASD, we
hypothesized that children with ASD would demonstrate prolonged timing and reduced
magnitudes in response to speech-like stimuli presented in quiet and background noise
compared with typically-developing (TD) children and that the group difference would be
exacerbated in noise. We further predicted that the pattern of relationship between cognitive
and language abilities and cortical responses would differ between groups. To test these
hypotheses, we evaluated the effects of background noise on the cortical processing of the
syllable “da” in children with ASD and TD controls. Additionally, correlations between
cognitive and language abilities and neurophysiological measures were assessed.

Methods
The Institutional Review Board of Northwestern University approved all research and consent
and assent were obtained both from the parent(s) or legal guardian(s) and the child.

Children were acclimated to the testing location and equipment prior to data collection. They
were allowed to visit the laboratory and interact with the tester on multiple occasions. Some
children brought electrodes home with them to help familiarize themselves with the
neurophysiological procedure.

Participants
Participants included 16 verbal children with ASD (N = 14 boys, 2 girls) and 11 typically-
developing children (TD, N = 7 boys, 4 girls). Age range was 7–13 years old and mean age
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did not differ between groups [TD, M (SD) = 9.82 (2.228) vs. ASD, M (SD) = 9.81 (1.682);
independent two-tailed t-test; t(25) = 0.008, p = 0.99]. Study participants were recruited from
community and internet-based organizations for families of children with ASD. Children in
the diagnostic group were required to have a formal diagnosis of one form of ASD made by at
least one examining professional (child neurologist or psychologist) and to be actively followed
by their physicians and school professionals at regular intervals, such that the diagnostic
impressions were consistent throughout their childhood and current at the time of study.

Although the Autism Diagnostic Observation Schedule [ADOS; (Lord et al. 2000, 1989)] and
Autism Diagnostic Interview-Revised [ADI-R; (Le Couteur et al. 1989; Lord et al. 1994)] are
the current research and academic standard for diagnosing ASD, many participants were
diagnosed prior to the regular use of these instruments. The impact of this study may be
strengthened by administration of the ADI-R and ADOS to confirm that the children met
research diagnoses of ASD. Nevertheless, expert clinician diagnosis is thought to be a better
predictor of later diagnosis than the ADOS (Chawarska et al. 2007; Lord and Richler 2006).
Parents were asked to supply the names of the examining professionals, their credentials, office
location, date of initial evaluation and the specific diagnosis made. Diagnostic information was
supplemented by an internal questionnaire that provided developmental history (including
diagnosis details, onset of symptoms, language development, other potential confounding
diagnoses, etc.), a description of current status (including present symptoms, past and current
treatments, medications, etc.) and functional level at time of entry into the study. Further
inclusion criteria for both TD and ASD groups were (1) the absence of a confounding
neurological diagnosis (e.g., active seizure disorder, cerebral palsy), (2) normal peripheral
hearing as measured by air threshold pure-tone audiogram and click-evoked auditory brainstem
responses [wave V latency from 5.15 to 5.79 ms, consistent with the previously reported normal
range (Gorga et al. 1985; Hood 1998; Jacobson 1985)], and (3) a full-scale mental ability score
≥80.

Procedure
Hearing Screening—The collection of cortical responses was part of a larger experimental
protocol in which children returned for several sessions. Therefore, at the child’s first test
session, s/he underwent a hearing threshold audiogram for bilateral peripheral hearing (≤20
dB HL) for octaves between 250 and 8,000 Hz via an air conduction threshold audiogram on
a Grason Stadler model GSI 61. Children wore insert earphones in each ear and were instructed
to press a response button every time they heard a beep. If cortical data were not collected at
the first session, a subsequent hearing screening at 20 dB HL was conducted on the same day
as the cortical data collection to confirm that the child’s hearing had not changed.

Cognitive and Language Testing—Cognitive and language testing took place in a quiet
office with the child seated across a table from the test administrator. Full-scale mental ability
was assessed by four subtests of the Wechsler Abbreviated Scale of Intelligence [WASI;
(Woerner and Overstreet 1999)]. The WASI also provided scores of performance and verbal
mental ability which were not part of inclusion criteria (Table 1, mean and standard deviations;
Table 2, individual scores). The clinical evaluation of language fundamentals-4 (Semel et al.
2003) was administered to provide indices of core, expressive, and receptive language abilities
(Table 1).

Stimuli and Data Collection—All neurophysiological recordings took place in a sound
attenuated chamber in a single session. During testing, the child sat comfortably in a recliner
chair and watched a movie of his or her choice. To encourage compliance, stimuli were
presented monaurally which is a common procedure for recording cortical evoked responses
(Connolly 1993; Cunningham et al. 2000; Hoormann et al. 2000; Ponton et al. 2002; Wible et
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al. 2002). Using this method, the children were able to listen to the movie soundtrack via the
unoccluded, non-test ear. Although the video soundtrack is playing during the testing, we refer
to this condition as “quiet” because masking of the sound-track is incomplete and is presented
at <40 dB, a level known not to affect responses (Lavoie et al. 2008; McArthur et al. 2003).
To further enhance compliance, children were accompanied by their parent(s) in the chamber
and were permitted breaks during testing as needed.

All auditory stimuli were presented to the right ear through an insert earphone (ER-3, Etymotic
Research, Elk Grove Village, IL, USA). Responses were recorded via Ag–AgCl electrodes,
with contact impedance of ≤5 kΩ. For cortical responses, trials with artifacts exceeding 100
μV were rejected online.

Speech-Evoked Cortical Responses—Auditory evoked potentials were recorded in
response to a 40 ms consonant-vowel syllable “da” synthesized in Klatt (1980). This stimulus
length was chosen because it is long enough to elicit cortical responses and was brief enough
to collect over 1,000 epochs (Bishop et al. 2007; Courchesne et al. 1989; Cunningham et al.
2000; Ferri et al. 2003; Groen et al. 2008; Johnstone et al. 1996; Whitehouse and Bishop
2008; Wible et al. 2002). Within the “da” syllable, the voicing begins at 5 ms and the first 10
ms are bursted. The frequency components are: F0: 103–125 Hz, F1: 220–720 Hz, F2: 1,700–
1,240 Hz, F3: 2,580–2,500 Hz, F4: 3,600 (constant), F5: 4,500 (constant); frequencies spanning
the F2–F5 range comprise what is referred to here as high frequency information. The “da”
stimuli were presented with alternating polarity. The “da”-evoked responses were collected in
two different conditions, at a conversational speech level in quiet (80 dB SPL) and embedded
in background noise presented at 75 dB SPL.

Electrodes were placed on the vertex (Cz), the contra-lateral earlobe (reference), the forehead
(ground), and the superior canthus of the left eye (to monitor eye blinks). Stimuli were presented
(Neuroscan Sound) with an inter-stimulus interval of 631 ms. Continuous white Gaussian noise
was generated by a Biologic Navigator system and mixed with the “da” stimulus in a
Studiomaster mixer board to produce a signal to noise ratio of 5 dB. Responses were recorded
in Neuroscan 4.2 Acquire continuous mode with a sampling rate of 2,000 Hz and a bandpass
filter of 0.5–100 Hz (12 dB/octave), with a notch filter at 60 Hz, to isolate the frequencies that
are most robustly encoded at the level of the cortex. An online average was recorded
simultaneously to monitor when approximately 1,000 acceptable sweeps had been collected.

Data Analyses—Eye blink artifacts were removed from the continuous EEG recording using
a spatial filtering method implemented in Neuroscan 4.3 Edit. The eye-blink free file was
bandpass filtered from 1 to 40 Hz, and epoched using a 625 ms window (125 ms pre-stimulus
period). An artifact rejection criterion of ±65 μV was applied to the epoched file to remove
sweeps containing large myogenic noise. The 100–300 ms time range of each of the remaining
sweeps was correlated with the corresponding time window of the ad hoc average of all artifact-
free sweeps. Next, the sweeps were ranked according to how well they correlated with this
average and the best 70% of correlated sweeps were used to create the final response average.
Before performing statistical analyses, these final averages were pre-stimulus baseline
corrected to remove the DC drift. (Unless indicated otherwise, all data reduction was performed
in Matlab 7.4.)

Based on a resemblance to responses in a previous study using subjects of similar age and a
similar stimulus (Cunningham et al. 2001) and analysis of the grand average quiet response,
the largest positive deflection (occurring approximately between 100 and 200 ms) was defined
as the P1′ response and the following negative trough (between 150 and 300 ms) was defined
as N1′. For the background noise condition, individual responses were overlaid with the quiet
responses and corresponding waveform morphology guided the choice of peak. An
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experienced peak picker manually picked all peaks and two additional peak pickers then
confirmed these marks. All peak pickers were blind to subject diagnosis. Response measures
included positive and negative peak latencies, peak-to-trough duration, amplitude and slope,
signal-to-noise ratio, and quiet-to-noise response correlations. Peak-to-trough duration was the
difference between the P1′ and N1′ latencies. Peak-to-trough amplitude was defined as the
difference between P1′ and N1′ amplitudes. Peak-to-trough slope is the slope of the line
between connecting P1′ and N1′ response peaks. Signal-to-noise ratio was the ratio of the RMS
amplitudes of the stimulus-related activity to non-stimulus related (pre-stimulus) activity.
Quiet-to-noise response correlations are cross-correlations between the quiet response and the
noise response.

Independent Student’s t-tests (two-tailed) were used to evaluate group differences in mental
and language abilities; the two-tailed result is reported because no differences were expected
since all children met our inclusion criterion. Measures of cortical neurophysiology were first
evaluated via a mixed design repeated measures analysis of variance (RMANOVA) to test the
hypothesis that sensory encoding of speech in quiet and noise is disrupted in the cortex of
children with ASD. Dependent variables included the cortical response measures listed above;
the between-subjects factor was diagnosis; the within-subjects factor was condition (quiet
versus noise). Based on prior data showing group differences in cortical encoding of speech,
our statistics were hypothesis-driven and thus, when appropriate, post-hoc analyses were
conducted with one-tailed independent Student’s t-tests. To control for Type 1 errors during
post hoc analyses, an adjusted alpha level of p ≤ 0.017 was required for establishing
significance. Additionally, paired t-tests within groups were conducted to evaluate whether
children with ASD show the same effect of background noise as TD children. Levene’s Test
for Equality of Variances was applied to each statistical analysis and, when relevant, the
reported p-values reflect corrections based on unequal variances. In order to discern any
behavioral significance of cortical deficits, relationships between cortical response measures
that differed between groups and cognitive and language abilities were evaluated via Pearson’s
correlations. Significant relationships were defined as r-values ≥ 0.35 and p-values ≤ 0.05. For
all statistical analyses involving quiet-to-noise response correlations, r-values were converted
first to Fisher z′-scores.

Age and Sex Considerations—Age was considered a variable in preliminary statistical
analyses. There were no correlations between age and any of the dependent variables (Pearson’s
r ≤ 0.21; p ≥ 0.191, in all cases). Due to the greater incidence of ASD in males versus females
in the general population, the ASD group in this study included a majority of male participants.
However, sex is not thought to affect cortical responses (Cunningham et al. 2000). Further,
inclusion of age and sex as covariates indicated that they were not statistically significant, and
as a result, they were not considered in subsequent analyses. Additional statistical analyses
conducted on smaller age-matched groups and sex-matched groups showed similar results.
Effect sizes (Cohen’s d) for all significant comparisons within both the larger and smaller
groups were greater than 0.89, suggesting that these effects are robust despite age range.
Therefore, to increase power, data reported were with respect to the larger groups.

Results
Cognitive and Academic Testing

Children with ASD did not differ significantly from TD children on measures of full-scale [t
(25) = 1.13; p = 0.268], verbal [t(25) = 1.57; p = 0.129] or performance [t(25) = −0.26; p =
0.800] mental ability, or expressive language ability [t(25) = 1.31; p = 0.201], but did differ
from TD children on measures of core [t(25) = 2.60; p = 0.015] and receptive [t(25) = 2.39;
p = 0.025] language abilities (see Table 1 for means and standard deviations). Comparison of
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the performance minus verbal intelligence discrepancy score revealed a significant difference
[t(25) = 2.28; p = 0.032]. The TD group discrepancy score was −1.73 (indicating overall better
verbal ability), whereas the ASD group score is 8.25 (overall better performance ability).
Individual participants’ discrepancy scores (performance minus verbal mental ability) are
provided in Table 2. This pattern of results is consistent with what is commonly reported in
children on the autism spectrum (Tsatsanis 2005). Although as a group, the children with ASD
did not meet the clinical standard of an 11 point discrepancy score, 7 of the 16 children with
ASD met this criterion. In the TD group, only 1 child met this criterion. Additionally, almost
half of the children in the ASD group demonstrated scores <100 on the core language measure.

Speech-Evoked Cortical Responses
The mixed-design RMANOVA indicated significant between-group main effects on measures
of P1′ latency (F(1,25) = 7.37; p = 0.012) and peak-to-trough amplitude (F(1,25) = 4.52; p =
0.044). Follow-up protected independent t-tests (one-tailed) indicated delayed P1′ latencies in
both quiet and background noise [t(25) = −2.27; p = 0.016 and t(25) = −2.51; p < 0.001,
respectively] and reduced peak-to-trough amplitudes in quiet [t(25) = 2.57; p = 0.009] in
children with ASD compared to TD children (Fig. 1). See Table 3 for means and standard
deviations of all dependent variables.

Within group analyses (paired t-tests) indicated that noise adversely affected the TD response,
while the ASD response was similar in quiet to noise [t(15) ≤ 1.81; p ≥ 0.045, all comparisons].
Specifically, in background noise, the TD response demonstrated a delayed P1′ latency [t(10)
= −2.73; p = 0.011] and a reduced peak-to-trough amplitude [t(10) = 2.48; p = 0.017]. However,
peak-to-trough duration became shorter in background noise [t(10) = 2.5; p = 0.015]. As a final
comparison, TD responses in noise were compared to ASD responses in quiet and revealed no
significant differences in any of the dependent variables [t(25) ≤ 1.00; p ≥ 0.163, all
comparisons; Fig. 2].

Correlations with Cognitive and Language Abilities
Correlations were computed between neurophysiological measures of P1′ latency in quiet, P1′
latency in background noise, peak-to-trough amplitude in quiet and cognitive and language
abilities. Robust relationships between the latency measures existed only in the group of
children with ASD. There was a significant relationship between P1′ latency in quiet and verbal
mental ability (r = −0.57; p < 0.02). P1′ latency in noise correlated with full scale mental ability
(r = −0.65; p = 0.006), verbal mental ability (r = −0.70; p = 0.003) and both core and receptive
language ability (r = −0.64; p = 0.01 and r = −0.61; p = 0.01, respectively; Fig. 3). For all of
these relationships, earlier response latencies were related to better cognitive and language
scores. Peak-to-trough amplitude did not relate to the cognitive and language scores.

Discussion
Summary of Neurophysiological Results

Children clinically diagnosed as being on the autism spectrum showed both timing and
amplitude deficits in cortical processing of speech in quiet as well as timing deficits in
background noise. As anticipated, TD children showed P1′ latency increases and peak-to-
trough amplitude reductions when encoding speech in background noise. In contrast, children
with ASD showed deficits in P1′ latency and peak-to-trough amplitude compared to TD
children, but no additive effect of background noise, such that in this study, children with ASD
processed speech in both quiet and noise comparably to the manner in which TD children
encode speech in noise. Previous studies have investigated and dismissed the effect of video
sounds on evoked potentials in the “quiet” condition (Lavoie et al. 2008; McArthur et al.
2003). However, given that children with ASD had quiet responses comparable to TD noise
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responses, it is possible that the soundtrack had a larger impact on the quiet responses of the
children with ASD.

Interestingly, although the ASD response in noise was significantly different from the TD
response in noise, the effect of white background noise on the P1′ response was similar between
groups, such that regardless of starting latency, the shift in latency from quiet to noise was of
the same degree (~10 ms) across both groups. This observation further speaks to the importance
of response integrity in quiet conditions because degraded processing in quiet is further
severely perpetuated by background noise.

Summary of Correlations
Although this study did not show correlations with age, typically, cortical response latencies
become earlier with maturation (Cunningham et al. 2000). Thus, these data support the notion
that children with ASD may have a developmental delay (Gage et al. 2003). Interestingly,
although delayed latencies are consistent with an immature response, the reduced amplitude
in children with ASD defied the maturational pattern. Therefore maturation of the response
does not provide a complete explanation of results shown here.

Finally, correlations between response measures and cognitive (full-scale and verbal) and
language (core and receptive) abilities were found only in children with ASD. These data are
consistent with recent findings of correlations between verbal mental ability and cortical
evoked potentials in children with ASD (Salmond et al. 2007).

Relationship to Previous Findings
Converging evidence from evoked potential and magnetic resonance imaging studies
implicates abnormal differentiation of cortical areas important for language processing in ASD,
which may explain, in part, the results of the current study (review in Volkmar et al. 2004).
The prolonged response timing found in the current study may be indicative of aberrant
connectivity (Courchesne and Pierce 2005; Just et al. 2004; Minshew and Williams 2007;
Wickelgren 2005) such that sound cannot efficiently propagate the auditory pathway, resulting
in delayed latencies. Additionally, the observed reduced amplitude in ASD may reflect poor
coordination and decreased neural synchrony in response to speech. Further, neural noise in
the cortex, associated with increased intra-connectivity and synaptic activity, may impede a
robust stimulus-triggered response, but the equivalent signal-to-noise ratios between groups
in the current study do not support this idea. Finally, another possibility is that reduced
experience with language in ASD prevents normal development of auditory cortex.

Overall, our results are consistent with converging evidence of cortical speech processing
deficits in children with ASD (Whitehouse and Bishop 2008), although they show some
variations from previously reported studies (Ceponiene et al. 2003; Jansson-Verkasalo et al.
2003; Lepisto et al. 2005, 2006). With the exception of Lepisto and colleagues’ study (2006),
reduced amplitudes have been reported in response to speech in quiet. The current study
differed in that it examined peak-to-trough amplitude rather than peak-to-baseline amplitudes.
Because some children demonstrated N1′ responses that were above baseline, peak-to-trough
amplitudes were reported here. Additionally, variations in results may be indicative of the
different speech syllables and qualitatively different responses; our stimulus elicited a robust
positive peak between 100–200 ms and a negativity occurring between 200–300 ms while
others reported positive peaks in the 50–150 ms range and negative peaks in the 150– or 180–
300 ms range. Also potentially accounting for differences is that both Ceponiene and colleagues
(2003) and Lepisto and colleagues (2005, 2006) used a vowel rather than a CV syllable.
Children with autism in the study by Lepisto and colleagues (2005) differed from the controls
on measures of performance and verbal mental ability, whereas in this study, the children with
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ASD did not differ from TD children on measures of mental ability. Finally, some studies
focused only on specific subtypes of the ASD, i.e., children with Asperger’s disorder (Jansson-
Verkasalo et al. 2003; Lepisto et al. 2006) or autism (Ceponiene et al. 2003; Lepisto et al.
2005). Thus, the heterogeneity of children with ASD (Freitag 2007; Happe et al. 2006; London
2007; Salmond et al. 2007; Tager-Flusberg and Caronna 2007) may account for the varying
results. Any of these disparities individually, or in combination, may have contributed to
across-study differences.

These results imply a different mechanism of deficit in children with ASD compared to children
with other language-based disorders such as developmental dyslexia. In the latter group,
children with LP exhibited cortical deficits only in background noise; poor timing in noise
adversely affected quiet-to-noise response correlations (Cunningham et al. 2001; King et al.
2002; Warrier et al. 2004; Wible et al. 2002, 2005). Instead, children with ASD showed
impairments in cortical encoding of “da” in both quiet and background noise conditions. Thus,
children with ASD start out at a disadvantage for speech processing in quiet (significantly
delayed P1′ latency and reduced peak-to-trough amplitude) and maintain abnormalities
processing speech in background noise (significantly delayed P1′ latency) compared to TD
children. Interestingly, children with ASD also show more pervasive auditory subcortical
deficits compared to children with other language impairments (Banai et al. 2009; Cunningham
et al. 2001; Russo et al. 2009, 2008; Wible et al. 2004).

Implications
This study provides new data on speech-related cortical processing deficits in quiet and
implicates atypical cortical processing of speech in background noise in ASD. These data
reinforce the functional relationship between cortical speech processing and cognitive and
language profiles in children with ASD. Viewed in the context of known atypical cortical
organization in ASD and the robustness of cortical plasticity, this approach may aid in the
assessment of auditory remediation in ASD.

These data suggest two potential explanations for the correlation between cortical processing
and verbal abilities found in the ASD group: (1) children with deficient auditory systems may
be unable to develop advanced verbal skills due to overall cognitive deficits (performance-
verbal discrepancy scores) or (2) children with weak verbal abilities are unable to fine-tune
their auditory systems, thus culminating in poor cortical differentiation for speech and impaired
speech sound processing. Future longitudinal studies characterizing speech-evoked cortical
processing throughout development in relation to the development of verbal abilities might
arbitrate between the possibilities. Both scenarios support early remediation of language and
auditory function. Future research should focus on speech-evoked cortical processing in quiet
and background noise conditions in both young children and adolescents with ASD.

By including children with a range of diagnosis of ASD made by community clinicians, this
study lacked the application of more precise tools for research and academic classification of
subjects, such as the ADOS (Lord et al. 2000, 1989) and ADI-R (Le Couteur et al. 1989; Lord
et al. 1994). With data from the ADOS and ADI-R unavailable, both our ability to characterize
specific deficits in these children with ASD and our ability to identify encoding differences
between diagnostic categories (e.g., autism versus Asperger’s disorder) was limited. Therefore,
future studies should utilize these tools to better characterize participants and to better be able
to draw conclusions about the relationships between diagnoses, language abilities, and cortical
processing of speech-like sounds. Additionally, future work should more vigorously
investigate the relationship between neurophysiological effects of both pure quiet and a variety
of background noise conditions and behavioral tests of speech perception in noise in children
with ASD.
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Fig. 1.
Grand average cortical responses (quiet (top); background noise (bottom)) of typically-
developing (TD) children (black lines) and children with ASD (gray lines). Children with ASD
demonstrated significant delays in P1′ latency in both the quiet and background noise
conditions (p ≤ 0.017), as well as significant reductions in peak-to-trough amplitudes in the
quiet condition
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Fig. 2.
Comparison of the typical response in background noise to the ASD response in quiet.
Responses to stimuli in background noise in the TD group showed no significant differences
from the ASD response in quiet. These results suggest that the children with ASD encode
speech in quiet similarly to the manner in which TD children encode speech in background
noise, giving them a disadvantage for speech perception
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Fig. 3.
Significant correlations between cortical responses and language indices. Children with ASD
showed significant correlations between P1′ latency in background noise and core and receptive
language scores (gray triangles on right panel plots; r ≥ − 0.57, p ≤ 0.02, all comparisons). TD
children did not show these relationships (black circles on left panel plots). Similar patterns
were identified between P1′ latency in quiet and background noise and mental ability scores
for children with ASD (data not shown)
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Table 1

Mental and language ability scores

Test battery Subtest TD mean (SD) ASD mean (SD)

WASI (mental ability) Full scale 116.09 (11.193) 110.25 (12.322)

Verbal 113.73 (13.016) 104.94 (15.097)

Performance 112.00 (10.835) 113.19 (12.475)

Discrepancy* −1.73 (10.627) 8.25 (11.767)

Core* 115.73 (7.309) 103.94 (15.062)

CELF (language ability) Expressive 115.91 (10.348) 108.00 (17.944)

Receptive* 112.36 (8.477) 100.19 (15.276)

Mean (SD) of cognitive and language scores are reported for both typically-developing children (TD; n = 11) and children with autism spectrum
disorders (ASD; n = 16). Full scale, verbal, and performance mental ability, along with the performance minus verbal ability discrepancy score were
measured by the Wechsler Abbreviated Scale of Intelligence; core, expressive, and receptive abilities were assessed using the Clinical Evaluation of
Language Fundamentals (CELF, 4th Edition). Children with ASD differed significantly from TD children on the discrepancy score and core and
receptive language abilities (* p ≤ 0.032). However, they demonstrated similar ability on measures of full scale, verbal, and performance mental ability
and expressive language ability
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Table 3

Cortical response measures

Quiet Noise

TD mean (SD) ASD mean (SD) TD mean (SD) ASD mean (SD)

P1′ latency (ms)* 140.14 (20.625) 159.69 (22.809) 151.91 (14.193) 169.91 (20.571)

N1′ latency (ms) 235.41 (21.432) 244.91 (30.480) 236.41 (26.693) 247.41 (32.117)

Peak-to-trough duration (ms) 95.27 (22.202) 85.22 (19.211) 84.50 (23.671) 77.50 (29.051)

Peak-to-trough amplitude (mV)* 6.56 (1.894) 4.66 (1.899) 5.22 (2.109) 4.13 (1.961)

Slope (μV/ms) −0.07 (0.030) −0.05 (0.020) −0.07 (0.031) −0.05 (0.019)

Signal-to-noise ratio RMS 9.13 (4.574) 10.67 (2.504) 8.97 (6.147) 8.23 (3.376)

Quiet-to-noise correlation (r-value) – – 0.82 (0.467) 0.54 (0.690)

Mean (SD) of cortical response measures in quiet and background noise conditions are reported for both TD children (n = 11) and children with ASD
(n = 16). Responses of children with ASD demonstrated significantly prolonged P1′ latencies in quiet and background noise, as well as reduced peak-
to-trough amplitudes in quiet compared to responses of TD children (* p ≤ 0.017)
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